Linking Molecular Transport, Traction Forces and Signaling in Migrating Cells  by Potvin-Trottier, Laurent et al.
Monday, February 27, 2012 219asensitive to shear, whereas binding partners ankyrin and actin exhibit shear
thresholds in labeling and both the ankyrin-binding membrane protein band
3 and the spectrin-actin stabilizer 4.1R show minimal differential labeling.
Cells from 4.1R-null mice differ significantly from normal in the shearde-
pendent labeling of spectrin, ankyrin, and band 3: Decreased labeling of
spectrin reveals less stress on the mutant network as spectrin dissociates
from actin. Mapping the stress-dependent labeling kinetics of a- and b-spec-
trin by LC-MS/MS identifies Cys in these antiparallel chains that are either
force-enhanced or forceindependent in labeling, with structural analyses indi-
cating the force-enhanced sites are sequestered either in spectrin’s tripleheli-
cal domains or in interactions with actin or ankyrin. Shearsensitive sites
identified comprehensively here in both spectrin and ankyrin appear consistent
with stress relief through forced unfolding followed by cytoskeletal
disruption.
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Anfinsen’s seminal experiments on the refolding of ribonuclease in vitro showed
that the final native structure of a protein is determined by its primary amino acid
sequence. In vivo, a nascent polypeptide chain can start to fold co-translationally,
and the conformations adopted during chain synthesis can be distinct from the
conformations adopted by free, full length chains refolded after dilution from
denaturant. Moreover, altering protein translation rate has been shown to further
affect co-translational protein folding mechanisms. Translation rate can be al-
tered without changing the encoded amino acid sequence by altering synony-
mous codon usage. But common codons are typically translated faster than
rare codons, and clusters of rare codons can cause significant pauses in transla-
tion. Here, we designed and tested a system to investigate the effects of a cluster
of synonymous rare codons on a protein folding mechanism and its final folded
structure. We designed a protein that consists of three half-domains, connected
by flexible linkers. TheN- and C-terminal half-domains compete to interact with
the central half-domain. This protein therefore has the potential to form one of
two mutually exclusive native structures. We altered synonymous codons at
the 5’ end of the sequence encoding the C-terminal half-domain to adjust the
rate at which the C-terminal half-domain appears outside the ribosome exit
tunnel. The presence of rare codons at this location causes the N-terminal
half-domain to pair with the central domain more often than the C-terminal
half-domain. This effect is tunable, based on the rareness of the codons and
the corresponding duration of the translation pause. These results suggest that
Anfinsen’s principle might need to be expanded, to include possible effects of
translation rate on protein structure formation.
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The temperature gradient is present at the surface of living organisms, and also
inside of the bodies. Each cell has to adapt to the change in the temperature over
short and long timescale to precisely perform cellular processes. Ishizaka has
reported that the position of mitotic spindle in grasshopper spermatocyte
shifted under temperature gradient, resulting in unequal cell division (Ishizaka,
S. Dev. Growth Differ. 11, 179–85, 1969). Here we created the temperature
gradient within single HeLa cells in mitosis, and show that the mitotic spindle
is rearranged so that the pole-to-pole axis is to be perpendicular to the gradient.
Our results suggest that one of the key components of this response is the
temperature-dependent polymerization dynamics of microtubule cytoskeleton,
a scaffold of the spindle. Then, we further confirmed that the elongation rate
was increased according to the temperature gradient in the spindle. Due to
this anisotropy in the astral microtubules, these microtubules could produce
pushing and pulling forces such that the pole closer to the heat source can
move down the slope of the temperature until the temperature at this pole is
equal to that at another.1107-Plat
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Cytokinesis in animals and fungi involves constriction of an actomyosin contrac-
tile ring, but the constriction mechanisms and the role of the ring are not estab-
lished. The constriction rate could be determined only by the properties and
internal dynamics of the ring itself (a ‘‘dynamically autonomous’’ mechanism)
as suggested by recent experiments on C. elegans embryos. Alternatively, the
ring constriction rate could be set by coupled processes that occur simulta-
neously with constriction (a ‘‘dynamically coupled’’ mechanism). In fission
yeast constriction occurs simultaneously with septation, the poorly understood
process of cell wall growth in the wake of the constricting ring. To isolate the
ring constriction mechanism, we combined mathematical modeling with exper-
iments on fission yeast protoplasts which lack cell wall and adopt a rounded
shape. Protoplasts assembled functional contractile rings that constricted with-
out septation by sliding along the plasma membrane without dividing the cell.
Because we couldmanipulate the shapes of protoplast cells, we could test the in-
fluence of cell shape on ring constriction dynamics and distinguish between dy-
namically autonomous and dynamically coupled constriction dynamics. In
compressed protoplasts that had a partially flattened shape, contractile rings
adopted characteristic bent shapes during constriction that were in remarkably
close quantitative and parameter-free agreement with a mathematical model
that assumed the ring produces tension but its constriction rate is set by the slid-
ing of ring anchors in the membrane. Thus, ring constriction in fission yeast pro-
toplasts is dynamically coupled: the ring does not set its own constriction rate.
Dynamically autonomous models could not reproduce our experimental obser-
vations. Our results suggest that in normal yeast cells the constriction rate is de-
termined by the septum growth rate or other coupled process and the role of the
ring could be to exert tension on the septum to regulate its growth.
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In actin-based crawling motility, cells continuously build, reorganize, and dis-
assemble an actin network in a process driven jointly by biochemical reactions
and mechanical work. A thorough understanding of how forces produced by ac-
tin and myosin contribute to whole-cell movement will thus require detailed
knowledge of the material properties of the cytoskeletal network at the relevant
spatial and temporal scales (micrometer-scale deformations over tens of sec-
onds to minutes). Measurements of mechanical properties have largely been
limited to microscopic strains, whole-cell bulk measurements, or reconstituted
gels that do not fully capture the cellular cytoskeletal organization.
We have therefore sought to characterize the deformation of actin networks
driven from motile cells under large (up to several hundred percent) applied
strains. Using detergent-extracted cytoskeletons from fish epithelial kerato-
cytes, we have applied arbitrary strains to the actin network between the cell
body at the rear of the cell and the native adhesions in the lamellipodial (front)
region of the cell, using a glass needle. Deformations through the cell body
propagated through a significant portion of the lamellipodium, in some cases
reaching the leading edge, indicating good mechanical linkage between the
cell body and the lamellipodium. The lamellipodial actin network is surpris-
ingly flexible and exhibits strain hardening. At rates of deformation comparable
to the speeds of live, crawling cells, the network exhibited significantly elastic
behavior, suggesting that elastic forces might contribute to the myosin-driven
reorganization of the actin network in the rear of the cell. These results will
help refine current physical models for crawling cell motility.
1109-Plat
LinkingMolecular Transport, Traction Forces and Signaling in Migrating
Cells
Laurent Potvin-Trottier1, Lingfeng Chen2, Miguel Vicente-Manzanares3,
Alan R. Horwitz2, Paul W. Wiseman1.
1McGill University, Montreal, QC, Canada, 2University of Virginia,
Charlottesville, VA, USA, 3Universidad Autonoma de Madrid,
Madrid, Spain.
Cell migration is a vital process in which cells undergo directed movement to
particular locations. However, the molecular mechanisms that coordinate this
process are still poorly understood. Here, two techniques are used in tandem
220a Monday, February 27, 2012to study cell migration. Spatio-Temporal Image Correlation Spectroscopy
(STICS) can create vector maps of protein velocities inside a living cell while
Traction Force Microscopy (TFM) allows us to measure the forces applied by
a cell on a substrate, which play a crucial role in cell migration. Using these tech-
niques together allows us to simultaneously compare adhesion protein velocities
inside the cells and the underlying traction forces exerted by the cell, to provide
greater insight into cell migration. We show that traction forces and retrograde
paxillin flow exhibit directional correlation but an inverse magnitude relation-
ship in motile U2OS cells, indicating slippage at the molecular clutch level.
By coating poly-
acrylamide gels
with different li-
gands, we observe
differences in the
strength of those
integin-ligand bind-
ing pairs. Finally,
a new correlation
analysis is intro-
duced that can dif-
ferentiate between
potential adhesion
movement models.1110-Plat
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Reconstituted collagen gels are a widely used environment to study cell migra-
tion in three dimensions. Collagen gels show strain stiffening and a strong lat-
eral contraction during extension (Poisson ratio > 0.5). This behavior is not
explained by linear elastic theory. To make quantitative estimates about the cel-
lular forces and local mechanical properties of the matrix that the migrating cell
encounters, a constitutive model of the gel is needed. On a microscopic scale,
collagen gels consist of a network of mechanically coupled collagen fibrils that
show buckling under compression and tautening and alignment under exten-
sion. These effects give rise to non-affine behavior of the network, which is vir-
tually impossible to model or simulate numerically on a larger scale. Instead,
we take advantage of the fact that the effects of a non-affine deformation is
well captured by an affine network with non-linear elements. We extract the
nonlinear force-length relationship of the network elements from two types
of rheological measurements. First, we stretch and compress a collagen gel
in the horizontal direction and measure its vertical contraction and dilation.
From this we extract the asymmetry of the force-length relationship between
extension and compression. Second, we shear a collagen gel in a cone plate rhe-
ometer. From this we extract the force-length relationship under extension.
Finally, with a finite element analysis we compute the deformation field of
a collagen gel around a contracting ellipsoid. We find that our model recapitu-
lates the complex gel deformations typically measured around invasive tumor
cells, such as a very large contraction of the gel surface above the cell.
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Cell migratory behavior is known to be remarkably affected by the interaction
with the surface topography at multiple scales, ranging from nanometers to
tens of micrometers. Here, our aim is to clarify the interaction between cells
and micrometer scale topography based on the role of actin cytoskeletal struc-
ture. We fabricated silicon microstructured surfaces with microgrooves of vari-
ous sizes, and characterized the behavior of cells moving from the flat surface to
the grooved surface. The intersecting grooves with a size that allow a cell to ex-
perience multiple grooves absorbed cells with a higher angle of approach, and
repelled cells with a lower angle of approach. Similarly, the single line groove
showed a tendency to repel cells with a lower angle of approach and absorb cells
with a higher angle of approach. However, the tendency with the single line
groovewas less clear than that with the intersecting grooves. The result indicates
that the intersecting grooves had a better discrimination performance of the angle
of approachof the cells than a single line groove. Themechanismof thismotility-
based filtering is supposed to be primarily explained based on the lamellar drag-ging effect by the preferential lamellar protrusion into the grooves due to theme-
chanical restriction provided by the actin cytoskeleton. If the lamellar dragging
effect is sufficiently high, the cells are absorbed by the grooved surface. In con-
trast, if the dragging effect is not enough to draw the cell body into the grooves,
the cells are repelled by the grooved surface. This study provides a framework to
tailor themicrogrooved surface control of cell migration by usingmicrogrooves.
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Endothelial cells react to shear stresses with mechanotransduction responses that
modify the cytoskeleton and cell-cell contacts. Cultures of endothelial cells were
patterned as monolayers on micropost arrays and different shear flow profiles
were applied to investigate the interplay between traction forces, intercellular
forces, and adherens junctions (A–C). Cells exposed to laminar flow had elevated
traction forces compared to static conditions while cells experiencing unsteady or
disturbed flow exhibited lower traction forces (F). Similarly, the size of cell
adherens junctions increased after laminar flow and decreased after disturbed
flow.Decreasing cytoskeletal tensionwithY-27632 decreased the size of adherens
junctions (D), while increasing tension through Calyculin-A increased their size
(E).Anovel approach tomeasure intercellular
forces between cells in the monolayers was
developed (G) and these forces were found
to be significantly higher for laminar flow
than for static or disturbed conditions (H)
with adherens junction size reflecting these
tension changes. These results indicate that
laminar flow can increase cytoskeletal
tension while disturbed flow decreases cyto-
skeletal tension. The corresponding change
in cytoskeletal tension under shear can pro-
duce intercellular forces that can potentially
affect the assembly of adherens junction.1113-Plat
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Cancer progress is a multistep process. In contrast with the genetic aberrations,
the precise role of the micro-environment and its interplay with the tumor is
still poorly understood.
In this work, we present two different approaches to measure the effect of me-
chanical stress on tissue growth and death. The first setup use osmotic pressure
to deform a dialysis bag and exert a known pressure on a multicellular tumor
spheroid. Our results indicate the ability to modulate tumor growth depending
on the applied pressure. Moreover, we demonstrate quantitatively that cells
have a different response to stress whether they are located in the core or in
the periphery of the spheroid. The second setup is amicrofluidic based integrated
system which enables to feed and visualize spheroids in the same time that we
apply a known pressure. We compare the results to numerical and analytic
models developed to describe the role of mechanics in cancer progression.
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We investigate peptide interactions with model membranes and how they
affect phase dynamics and mobility. Previously, we have studied lipid phase
